Specimens obtained from the PWR type UO2 fuel with cladding at 39 MWd/kg U were provided for out-of-pile anneal.
Japan Atomic Energy Research Institute* (Received October 1, 1993) Specimens obtained from the PWR type UO2 fuel with cladding at 39 MWd/kg U were provided for out-of-pile anneal.
Obtained results are : (1) A transient fission gas release (FGR) from the out-of-pile, instantaneous triangular shape temperature (peak 980dc) was <0.5%.
On the contrary, a transient FGR from in-pile referential test was about 4%. The difference was attributed to the flat temperature profile across fuel for the former and the concave temperature profile for the latter. Significant microcrackings in UO2 fuel periphery observed only in the in pile test might be the main cause of FGR enhancement. 
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PWR type reactors, nuclear fuels, uranium dioxide, annealing, fission product release, FGR onset, diffusion coefficient, temperature cycling, in-pile test INTRODUCTION A fission gas release (FGR) from preirradiated UO2 fuel during the power transient has been studied at the Nuclear Safety Research Reactor (NSRR) in the Japan Atomic Energy Research Institute (JAERI) resulting in a significant FGR (12%) at very short time interval (<10s) (1) . The mechanism of the significant FGR was considered to be microcrackings at the fuel periphery.
The first purpose of the present study was to verify the above mechanism which could enhance FGR. So, an out-of-pile test with the same source of specimen was carried out by using the instantaneous triangular temperature shape (peak 980dc). Obtained FGR was compared straightforwardly with in-pile one. In general, in-pile FGR according to gas bubble diffusion was strongly dependent on the fuel operating temperature and burn-up (BU)(2)(3). Therefore, there should be a temperature threshold for an onset of significant FGR (>0.5%) at the tested BU level. During on-power operation, however, it is hard to clarify the temperature threshold for FGR onset because of many technical difficulties for in-pile measurements.
As the second purpose, a temperature threshold for the onset of significant FGR was studied here.
In a previous study performed by a PWR loop installed in the Halden boiling water reactor, the author revealed that FGR enhancement in PWR fuels at BU of 20 MWd/kg U did not occur up to 620 power cyclings(4). Additionally, Kashibe & Une used out-of-pile anneal with BWR fuels (BU= 28 MWd/kg U) and confirmed no effect of temperature cyclings (1,400~700dc) on FGR (10) . As the third, whether or not FGR enhancement would occur at highly burned PWR fuels (39 MWd/kg U) was studied by carrying out temperature cyclings to the number of 30. II. EXPERIMENT
Test Specimen
In Table 1 , the characteristics of the PWR fuel rod provided for the present study are shown. A rod having active column length of 3.6 m was preirradiated in a commercial PWR to 39 MWd/kg U. The BU was determined by 148Nd method (15) within an accuracy by +-1% (16) . Maximum fuel temperature estimated by a computer code FPRETAIN (7) was 1,180dc at the end-of-life. Punctured FGR of Xe and Kr gases was 0.17 %. This means that almost FP gases produced were still retained in fuel matrix.
After selecting the location where axial power shape was almost flat, each test specimen consisted of UO2 fuel having a constant BU and Zircaloy-4 cladding was cut together in dry air. A weight of the UO2 fuel in a specimen ranged from 2.5 to 4.3 g . Length was about 5 mm.
Apparatus
As shown in Fig. 1 , apparatus was installed in the Hot Laboratories in JAERI for anneal. The specimen was set at the bottom of cylindrical carbon crucible in induction furnace.
The furnace was connected to the gas analytical system through cell wall as shown in the left of figure. Temperature of the specimen was monitored by pyrometer of which reading value was already calibrated by W/Re thermocouples.
Released Xe and Kr gases from the specimen were only accumulated at a certain time interval t (min) at the reserver tank for sparksource mass spectrometry.
The released volume of Xe and Kr gases were read in the form of currencies (A x min) after ionization and calibrated by standard gases of Xe and Kr taking into each isotopes into consideration.
The accuracy in measurement was within +-5 %. Fission gas release of the gases was then determined by Fig. 2(a) . Three out-of-pile transients were denoted as MHT11, MHT12 and MHT13.
(2)
Onset of FGR Test (MHT2) As shown in Fig. 2(b) , a stepwise increase of temperature up to about 2,000dc was imposed to the specimen.
Hold time was about 10 min at each step.
A total of 7 steps was made and denoted as MHT21~MHT27. It should be noted that for a significant FGR the stepwise increase of temperature is useful for determining the onset temperature accurately.
Cycling (MHT3), Hold Test (MHT4) As shown in Fig. 2(c) , a temperature cycling between 1,400dc (5min) and 800dc (5min) was performed to the total number of 30. Fuel staying at 1,400dc was about 150 min. This was denoted as MHT3. While, a con- stant temperature holding at 1,400dc for 150 min as shown in Fig. 2(d) was performed for comparison and denoted as MHT4.
The temperature cycling performed here was a simulation of load-follow operation of 14 x 14 PWR fuel at linear power level between 35 and 18 kW/m.
Note that average linear power of the test specimen during preirradiation was about 18 kW/m. Table 2 shows a summary of 4 tests, where ramp rate, reached peak temperature, holding time and FGR are included.
III. RESULTS AND DISCUSSION
Note that in the table the FGR measured in the previous step (e.g. 0.22% in MHT11) was added to the FGR of next step (e.g. 0.13% in MHT12) for obtaining FGR of 0.35 %.
(1) Temperature Transient Test (MHT1) Simulating the same ramp rate, peak temperature, and hold time (10s) as measured in in-pile test, FGR obtained from out-of-pile anneal was about 0.4 %. This was one order of magnitude lower than that of in-pile FGR. The difference may be caused by a different resultant temperature profile across fuel radius. Hence, the in-pile temperature profile was not flat like camel's two humps. As UO2 fuel temperatures became maximum at fuel periphery, hence in the vicinity of dish shoulder, there occurred microcracking due to sharp temperature gradient. This is represented by Photo. 1(a). Once microcracking occurred, Xe and Kr gases would escape from the cracked surfaces directly to the rod plenum. This mechanism was proven quantitatively(9)(18) and modeled into transient/accident computer code FPRETAIN, resulting in good agreement with experimental data (19) .
On the other hand, out-of-pile temperature profile was flat leading no fuel cracking, as shown in Photo. 1(b). Figure 3 shows the FGR from stepwise heating.
The onset of FGR may be decided by rough extrapolation of data points to xaxis. The obtained value was about 1,340dc. No significant FGR occurred below the temperature.
Above 1,340dc, FGR increased depending on holding time at the temperature. The maximum FGR at 2,000dc, for this case, is approximately 37 %.
Because a punctured FGR was only 0.17 %, the original PWR fuel might not experience the onset of FGR temperature during commercial power reactor usage. The operating temperature in original PWR fuel estimated by FPRETAIN was 1,180dc ( <1,340dc) in maximum. by computer code FPRETAIN (3) Cycling (MHT3), Holding Test (MHT4) Figure 4 shows the FGR obtained from cycling and non-cycling (hold) tests. The FGR at the end of 30 cycles was amounted to 2.8 %. While FGR at the end of holding (1,400dc for 150 min hold) was amounted to 5.0 %. The reason for difference was not clarified to date, however, FGR was not enhanced by cycling. This was in good agreement with results obtained from previous studies (4) 
Diffusion Coefficient
A diffusion coefficient was estimated from where a is the equivalent radius of sphere used in Booth's diffusion model (11) , D (m2/s) the effective gas diffusion coefficient and t(s) the time. This equation is valid for FGR < 70 %. In the present study, value a is considered to be equal a half grain diameter of 5 x 10-6 m. From Table 2 , it was confirmed that FGRs in MHT3 and MHT4 were in obedience to diffusion at the temperature. However, diffusional FGRs in MHT1 and MHT2 were only assumed in the following discussions. Estimated D as a function of reciprocal temperature is shown in Fig. 5 .
For comparison, the values at thermally activated temperature region (>= 1,673K) studied by Baker & Killeen(5) and those at irradiation activated temperature region (<= 1,673K) studied by Turnbull et al.(12) were plotted together.
They used PWR fuels preirradiated up to 38 MWd/kg U. In their measurements, (1) Fig. 4 (14) .
IV . CONCLUSIONS
The conclusions reached in the present study are summarized as follows :
(1) Transient FGR occurred under out-ofpile triangular shape temperature (peak 980dc) was <0.5 %. However, transient FGR occurred under in-pile triangular shape temperature was 4.3 %. The difference was due to the enhanced FGR by microcrackings occurred only in the inpile test. (2) Onset of FGR in PWR fuels at burnup of 39 MWd/kg U revealed to be about 1,340dc. Maximum FGR reached was 37 % at about 2,000dc.
The effective diffusion coefficient D (m2/s) was found to be 6.2 x 10-3 exp( -440,000/RT) at 1,473 <=T < 1,873 K. at 28 MWd/kg U with BWR fuel were included for comparison
